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Pericardial effusion is associated with an abnormal increase in
respiratory variation in Initial flow velocity . However, the relation
of the changes in flow velocity to pericardial pressure, hemody.
peoples and two-dimensional echocardiographic findings is not
established
. Therefore, Il sedated dogs with extensive hemody-
unmic idskumentalion were studied with twadlmensional and
Doppler ecbocardfography during four stages of progressively
larger pericardia] effusion.
During aB stages of effusion, respiratory variation in peak
initial flaw velocity in early diastole and left ventricular isovolu-
metric relaxation lime was increased compared with baseline
(p C
0 .00) . This increase was seen at the earliest stage of effusion (mean
pericardial pressure 4 .2 ± 1 .4 versus -0.8 ± 0
.9 mm Hg at
baseline, p < 0.05), and preceded the appearance of unequivocal
diastolic right heart collapse in every dog
. Maximal respiratory
variation coincided with the appearance of right aerial collapse
(mean pericardial pressure 7 .1 t 2.4 mm Hg; mean iespiratory
decrease In aoatie pressure 9
.5 f 2 .6 mm Hg; mean aortic
pressure 80,2 ± 15.2 versus 102.2 ss 11 .2 mm Hg at baseline, p <
0 .05
; and cardiac output 3,0 ± 1.2 versus 5.5 ± 1.31iterslmln at
Both M-mode and two-dimensional echocardiography are
sensitive methods of detecting pericardial effusion (1), and
right atrial or tight ventricular diastolic collapse is a usual
finding in patients with advanced cardiac tamponade (2-8).
However, because collapse of a cardiac chamber does not
occur until pericardial pressure exceeds intracardiac pres-
sure (9-11). this finding would not be expected to be present
in early stages of cardiac tamponedc
. when intrapcrieordial
pressure is elevated but is still less (ban diastolic right heart
p ressures
. to addition, diastolic right heart collapse is not
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baseline, p < D
.05), bed did not increase at stages associated with
mare severe hemodynade compromise. In addition, the rtsp-
ra-
tory changes in peak mitral flow velocity in early diashie
were
associated with simultaneous charges In the diavlok tra ssmitral
pressure gradient.
H is concluded that in this model of acute pericardia) elation
11 increased respiratory vubstion In early diastolic mirror Bow
velocity, peak mftral Bow velocity in early dial* and kft
ventricular isovalametrk relaxation time occurs almost immedi
ately as perieardlaf pressere Increases and persists al al stage of
increasing pericardial effusion ; 2) the Abnormal rupiralry varl .
alien occurs before equalization of intruardlae pevmres and
before the onset of unequivocal right heart eoBapue ; 3) the
respirato, aarfatien ocenrs as a result of eharnes in the diastolic
transmitral pressure gradient ; and 4) the mgoilnie of the
respiratory ehalnpt
s ad aeeeswril9 prditliVB of pttitafdini
pressure or severity of hemodynarak tempraake, especially at
the more severe stages of pekadial elation .
(j Ate Call Csdfol ls9i;17;239-4g)
entirely sensiive or specific for the diagnosis of cardiac
tamponadc
(4-6) .
Recently, clinical (9,12,13) studies using Doppler
echo-
cardiography
showed abnormal respiratory changes in Irans-
vxivulor hlc.)d flow velocities in cardiac enmpoaade . How-
ever, the relation of these findings to pericardial pressure
and diastolic right heart collapse has not been determined.
The purpose of this study was to evaluate, in a sedated
canint model with extensive hemodynamic instrumentation,
the relation of respiratory variation in mitml flow velocity to
diastolic right heart collapse and hemodynamics in acute
pericardial effusion .
Methods
Surgical preparation. Thirteen mongrel dogs (25 to 35 kg)
were anesthetized with halothane gas and then intubated and
ventilated with use of a Harvard respirator and supplemental
oxygen (2literslmin). With sterile technique, a left Ihoracot-
0735-1097A1/t3 .r
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omy was performed in the fifth intercostal space . A small
incision was made in the pericardium and an 8F Silastic
catheter was placed in the pericardial space over the right
ventricular free wall . The pericardium was secured to the
catheter with a purse-string (3-0 silk) suture. A second 8F
Silastic catheter was placed in the body of the left atrium by
way of the left superior pulmonary vein and the catheter was
sutured in place Ia a similar fashion . Sterile saline solution
(60 ml) was itdused into the pericardial space to permit
checking for leaks and to prevent the formation of adhe-
sions, The catheters were filled with heparin, placed through
the chest
watt
and tunneled subcutaneously to an area
between the scapulae . The ribs were approximated using
interrupted (l,0 Dexon) sutures. The muscle, subcutaneous
tissue and skin were closed in layers to provide en airtight
seal . Analgesic and antibiotic agents were administered
postoperatively as necessary and the dogs were allowed to
recover for at least 7 days before undergoing study .
tnslrumentatleu and calibration protocol, On the day of
the experiment, the dogs were sedated with diazepam
40 .5 mglkg body weight) and hydromorphone (0.3 mg/kg),
anesthetized with halothane and nitrous oxide and then
intuhated and ventilated. Under fluoroscopic guidance . high-
fidelity micromanometer-tipped catheters (Millar lnstru-
ments) were placed in all four cardiac chambers, the ascend-
ing aorta and the pericardial space for pressure recording
. A
7F catheter was inserted percutaneously into the left ven-
tricular apex through the left femoral artery . A similar 7F
catheter was placed in the ascending aorta through the right
femoral artery. A 7F catheter with two pressure sensors
(2 cm apart) was inserted into the right atrium and right
ventricle through the right external jugular vein . Two 5F
catheters were inserted into the pericardial space and left
atrium through the previously placed Silastic tubing
. A
flow-directed pulmonary artery catheter was placed through
the right external jugular vein and was used to obtain
pulmonary artery pressure and cardiac output .
Zero reference for all the micromanometer-tipped cathe-
ters was established by immersing them in body temperature
saline solution for 60 min before insertion . After insertion,
right and tell atria) pressures were matched to right and left
ventricular pressures in late diastole (before atrial contrc
tion) using cardiac cycles with RR intervals >1,000 ms, The
pulmonary artery catheter was attached to a strain gauge
pressure transducer (Statham 231D, Gould, Inc
.): zero ref-
erence was at a point
on the dog's chest equal to 50% of the
transrhoracic diameter . Respiration was recorded by using a
thermistor placed in the midportion of the endotracheal tube
.
The approximate timing of the onset of inspiration and
expiration to changes in intrathoracic pressure was deter-
mined by recording respiration simultaneously with pulmo-
nary wedge pressure.
After instrumentation, anesthesia was discontinued and
the dogs were allowed to recover for 30 min before the start
of the protocol . The dogs were studied when lying quietly on
their Left side. Further sedation was provided as necessary
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by small doses of diazepam (0.05 mg/kg) administered intra-
venously. To ensure that the dogs were not hypovolemic,
normal saline solution was infused intravenously as needed
to increase mean left atria) pressure to 5 to 7 mm Hg .
This protocol was approved by the animal research
committees of the Tucson Veterans Affairs Hospital and the
University of Arizona. Specifle attention was given to the
appropriateness and welfare of the animal model, the ado
quacy of anesthesia and the methods of instrumentation.
This protocol is also in accordance with the recommenda-
tions of the National Institutes of Health and the American
Heart Association for care and use of research animals.
Data gathering and analysts . The hemodynamic data and
phase of respiration were recorded with an eight-channel
physiologic recorder (ES 2000, Gould) . Two-dimensional
echocardingmms were obtained with a 3 .0 MHz imaging
transducer from right and left parasternal and apical trans-
ducer positions with use of an lmerspec CFM 700 imaging
system . The recorder was interfaced with the ultrasound
machine so that respiration and left atrial and left ventricular
pressures could be displayed together with mitral flow ve-
locity on the Doppler hard-copy recording. Both the imaging
and Doppler ecrncardiographic data were recorded on vid-
eotape with use of a Panasonic AG 7300 super VHS video-
cassette recorder.
lfemodynamir variables were
measured
for three cardiac
cycles and averaged. These included PR interval, heart rare,
right and left ventricular end-diastolic pressures, mean peri-
cardial, mean right atrial, mean left atrial and mean aortic
pressures and maximal respiratory variation in systolic aor-
tic blood pressure (pidsus paradoxus) . The maximal de-
crease in systolic blood pressure with inspiration was also
evaluated in relation to the pulse pressure to correct for
changes in stroke volume and heart rate (l4) . The left
ventricular isovolumetric relaxation time was measured as
the interval from the dicretic notch on the ascending aortic
pressure recording to the left atria)-left ventricular pressure
crossover (mitral valve opening) . Cardiac output was deter-
mined in triplicate and averaged with use
of the theemodlhu-
tion technique. Maximal transmittal pressure gradient in
early diastole and at atria) contraction and tuft ventricular
isovolumetric relaxation time were determined for three
beats of apace and three first beats of inspiration and
expiration .
With ama of an apical four chamber or parasternaf
shetrraris view, right atrfal collapse was considered ro be
present when there was inversion of the right atrial free wall
that started in late diastole and persisted for >35% of the
duration of the cardiac cycle (5).
With the same views, right
ventricular diastolic collapse was considered td be present
when there was definite inversion and abnormal posterior
motion of the right ventricular free wall in early diastole
(3,4).
Mitrut JOe m velocity was recorded from the apical trans-
ducer position with use of a 2 .5 MHz transducer and pulsed
wave technique. A 4 mm sample volume was placed between
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Figure 1 . Normal mitral flow velocity recordings . A. Pulsed wave
mural flaw velocity recordln with sintultausarsrecordingatrespi-
ration tresp),
electrocardiogram
(ECU) and lea aria) ILA) and left
ventricular (LV) pressures, Measurement of peak riuuai flow vo .x-
ity in early diastole
(MI), peak mitral flaw veelocily at atrial contrac-
tion
(M2), witral flow velocity at the onset of stoat contraction (MI
and M2)and maximal traasmitrl pressure gradient in early diastole
(Ml maul and at atrial contraction (M2 max) are shown . 8, Mitral
flow velocity with simultaneous left atria) and left ventricular
pressures throughout one respiratory (resp) cycle
. There are mini .
mal changes in mitralflow velocity and transmittal pressure gradient
between inspiration (inapt and expiration (exp) . Doppler ultrasound
variables were measured duringapneaand on the first beats after the
onset of inspiration and expimtlon.
the mitral leaflets to record maximal velocity of anterograde
flow (8) . Mitral flow velocity variables were measured for
three heats of apnea and three first inspiratory and expira-
tory beats . Doppler variables measured included peak mitral
flow velocity in early diastole (E wave) and at atrial contrac-
tion (A wave), mitral velocity at the start of atria) contrac-
tion, and left ventricular isovolumelric relaxation time as the
interval from the closure click of aortic flow to the start of
mitral flow, Values for the Doppler left ventricular isovolu .
metric relaxation time were checked against the values for
the same interval derived from the hemodynamic recordings.
When there were discrepancies, only the hemodynamic
interval was reported
. Figure 1 shows the Doppler variables
and the respiratory timing of the measurements
.
Protocol
. Warmed saline solution (30 ml at 3?C) was
infused into the pericardium before the start of the protocol.
This amount of fluid does not significantly alter intracardiac
pressures and has been shown to facilitate accurate pericar-
dial pressure measurement with micromanomekrtipped
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catheters (15) . After baseline data gathering, cardiac tam-
ponade was produced in four stages by infusion of warmed
saline solution into the pericardial space at the rate of
10 mlimin
(9) .
Stage I was considered present when mean
pericardial and right atria[ pressures had increased by
2t2 man Hg without right aerial or right ventricular collapse .
Stage 2 was considered present when right atria) collapse
was observed as previously defined. Stage 3 was considered
present when right ventricular diastolic collapse was ob-
served as previously defined . Stage 4 was considered present
when there was severe hemodynamic compromise as defined
by a m25% decrease. from baseline in mean aortic pressure .
Statistical analysis. A8 resells are expressed as mean
values ± SD . Differences in mean values for each variable
were compared between stages by using an analysis
of
variance for repeated measures
. When differences were
found between groups a Newman-Keuls procedure was used
to determine which gluups differed. Correlation of respira-
tory variation in mitral flow velocity with hemodynamie
variables was performed with use of Pearson s correlation
coefficients. Significance of all statistical tests was consid-
ered to be p < 0 .05 .
Results
Dzta from 11 of 13 dogs are reported
; two dogs were
excluded from analysis, one because of a leak in [be peri-
cardium into the pleural space and one because of unex-
plained pulmonary hypertension .
Echocardiography . Adequate two-dimensional images
for data analysis were obtained in all dogs . The pericardial
effusion was circumferential in all cases, indicating that no
significant adhesions were present . As the size of the elfu-
sion increased, cardiac size and volume decreased and right
atria) collapse appeared before right ventricular collapse in
all dogs . At the earliest stage of effusion (stage 1), the right
atrium was seen to be "hypercontractile" in all dogs ; in 4 of
I t dogs, transient flattening, "buckling" or inversion was
present
. but did not meet criteria for right atria] collapse .
With more severe tamponade the right ventricle also became
hypercontractile and in some dogs the right atria) and
ventricular cavities were visibly compressed.
Hemodynamks (Table 1). The mean volume of saline
solution infused to reach stage I of the protocol was 123 .3
28 .4 ml ; stage 2, 150 .4 ± 38 .0 ml ; stage 3, 200
.9 ± 41
.6 ml;
and stage 4, 240.1 ± 45 .1 ml . The PR interval was 122,0 *_
19
.7 ms at baseline and progressively shortened during each
stage ; stage I = 111,8 ± 4
.4 ms; stage 2 - 96.6 ± 14.7 ms ;
stage 3 = 90.6 ± 14 .8 ms; and stage 4 = 88.2 m 2.2 ms .
Heart rate, mean pericardial pressure and all intacardiac
pressures increased progressively as pericardial volume in-
creased, while cardiac output and mean aortic pressure
progressively declined
. The maximal respiratory change in
aortic pressure increased slightly during stages I and 2, but
did not increase further at stages 3 and 4 . Mean values for
maximal respiratory change in aortic blood pressure (pulses
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Table 1. Heart Rate, Pulses Paradoxes . Cardiac Output and Hemadynamics in 11 Dogs at Baseline and During Progressively More
Severe Cardiac Tamponade
'p : 0 .05 versus baseline: tp 10.05 versus baseline and stage I; tp r 0.05 verso baseline, stage I and stage 2, A0n = mean some prassure ; CO = cardiac
output ; LAm= mean left atrial pressure; LVEDP=leA venltieaterend .disslalic pressure; PPm= mean pericardial pressure;aAm= mean right strut pressmen ;
RVEDP = right ventricular enddiaoohe pressure . All cal .,are mean values x SD. Stage B = baseline : stage I = infusion of saline solution into the pericardial
space sufficient to raise mean pericarial and right al dal (RA) pressures at least 2 Jam Hg without right atrial collapse being seen; stage 2 = infusion of saline
solution into the pericardial space sitters to cause right atria) collapse ; stage 3 = infusion ofsnline solution into the pericardial space sufficient to cause right
ventricular IRV) collapse tree Methods for definition of right atria) and right venlrieahr caltapsel ; stage 4 = infusion ofsaline anti into the pericardial space
sufficient
to cause a >25% decrease from baseline in mean aortic pressure.
paradoxus) did not exceed 10 mm Hg at any stage. However,
when corrected for pulse pressure, significant pulsus para-
doxes (>10% of pulse pressure) (14) was present in 8 of the
11 dogs during stage 3 (11 .9 ± 5 .0%) and stage 4 (11 .7
t
4 .2%) versus baseline (4.2 - 1 .7%, p < 0-05) . With severe
hemodynamic compromise (stage 4), mean pericardial and
diastolic intracardiac pressures were nearly equalized at
approximately 12 mm Hg and cardiac output had decreased
by >50% .
The respiratory varialiuu of the early diastolic rraesmilral
pressure gradient
and left ventricular isavolumerric relax-
ation rime were minimal at baseline, but were increasedat all
stages of effusion (pig. 2 and 3) . The increase in respiratory
variation for the left ventricular isuvolumetric relaxation
time during early lamponade (stage 1) was nearly as large
(and statistically similar) to that seen at the more severe
tamponade stages (Fig . 2 and 3) . The increased respiratory
Figure 2
. Amplitude and direction of change from apnea in inspire .
tory and expiratory values for left ventricular isuvolumetric relax-
ation rime (IVRT) at baseline and at each stage of cardiac tampon,
ade . (Refer to Methods section for exact definition of stages I
through 4) . lines Iepresenr mean values ± SD . 'p < 005 fair
difference in expiration minus inspiration at that stage compared
with the sarne difference at baseline. RA = right atrial ; RV = right
ventricular.
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changes in left ventricular isovolume€ric relaxation time
were present in every dog, even at stage I before right alriat
collapse was present (Fig . 3).
Ueppler flan velocity variables. Table 2 shows mean
values for peak mitral flow velocity in early diastole, peak
velocity at atrial contraction and velocity at the scan of atrial
contraction for apnea, inspiration and expiration. The max-
imal change in these variables between inspiration and
expiration is shown in Table 3. In five dogs peak mitral flow
velocity in early diastole could not be measured during
stages 3 and 4 because atrial contraction occurred coincident
with or before urinal valve opening so that only mitred flow
velocity at atrial contraction was present .
Mean mitral flow velocity in early diastole (MI) progres-
sively decreased as the effusion became larger, whereas
mean initial flow velocity at atrial contraction (M2) was
unchanged . Mitral velocity at the stall of atrial contraction
gradually increased with each stage as heart rate increased
and the diastolic filling period became shorter. Respiratory
variation in peak mitral flow velocity in early diastole was
minimal at baseline, but increased at all stages oftamponade
(Fig. 4). AS with the left ventricular isovohrmetric relaxation
lime, abnormal respiratory variation in peak mitral flow
velocity in early diastole was seen in every dog and occurred
before the onset of unequivocal right atrial collapse (Fg
. 5).
However, the magnitude of respiratory variation reached a
plateau in stages 2, 3 and 4 and was not predictive of the
pericardial pressure (r = 0.32, p = NS) or the degree of
hemodynamic compromise. Maximal respiratory change in
systolic aortic blond pressure did correlate with the magni-
tude of respiratory change in peak mitral flow velocity in
early diastole !r = 0 .47, p < 0.01). Figure 6 is an example of
the changes seen in peak mitral flow velocity in early diastole
with increasing effusion in one dog
. This figure shows how
the changes in initial velocity correspond to changes in the
early diastolic transmittal pressure gradient .
In all dogs at each stage of effusion, the largest decrease
in peak mitral now velocity in early diastole and the largest
Stage
Heart Ram
Ibeatsrmiel
Pulses
Paradoxes
nub Hg)
CO
liiterslmitl
AO.
(mm
[is)
PPm
Imm HE)
RAm
(mm list
LA.
On . Hg)
RVEDP
(mm Hg)
LVEDP
{nun Hg)
R 96
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1
111 .3 '.3_2 .1'
4.40'x126' 93 .5^11 .4 4 .2x1 .4'
5 .7x1
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80 .5x24.7' 9 .9x2,34
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increase in left ventricular isovdumetric relaxation time
compared with the other beats occurred on the first beat
after the onset of inspiration. Opposite changes were seen on
the first beat after the onset of expiration .
Discussion
Clinical studies (8, 12,13); show that cardiac tamponade is
associated with an increased respiratory variation in loans-
valvular
flow velocities
. However, to our knowledge. there
has been no detailed analysis of the relation of these findings
to pericardid pressure, cardiac hemedyn;unics and the two-
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Figure 3
. Left vemrteular isovolumenic relaxation time (LV IVRT)
in 11 dogs during apnea (A), inspimtien (1) and expiration (E) at
baseline and at progressive stages of cardiac tamponade . There is
minimal variation in left ventricular isovotumetrie relaxation lime
with respiration at baseline, which increases in every dog daring
both early (stage I) and more severe stages of cardiac tamponade.
RV = right ventricular
.
dimensional echocardiegraphic findings of right heart col-
lapse .
Results of that study . The major findings of this canine
study are that I) increased respiratory variation in early
diastolic mitrat now velocity and left ventricular isovolnnset-
RA COLLAPSE
(STAGE 2)
A
I E
SEVERE TAMPONAPE
(STAGE 4)
Tahle 2. Peak Mitral Flow Velocity to Early Diastole (Mh, Peak Flow Velocity With Alrial Contraction (M2) and Left Ventricular
Isovolumetdc Relaxation Time IIVRTI During Apnea, lasptrntion and Expiration to I I Dogs at Baseline and During Progressively More
Severe Cardiac Tamponade
te0-
1307
+p < 0
.05 when contpated with baseline: to < 0
.05 when compared to baseline and stage 1
; tp a 0
.05 when compared to baulies . sloe land stage 2 . Alt
values an mean values x 8D, Rap = lust beat ateapiradon ; In, = first hart orinspitoiion ; MI at
M2 = mural tbW velocity in middiastnle at the start eratrial
ovniracllae .
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Tahlr, 3 . Peak Transmitral Pressure Gradient in Early Diastole lMl,a,,,l During Apnea, Inspiration and Expiration and Change (Al From
Expiration to Inspination in Mitral Flow Velocity
. Transmitral Pressure Gradient and Left Ventricular Isovolumic Relaxation Time
IIVRTI in I I
Dogs al Baseline and During Progressively More Severe Cardiac Tamponade
A IVRT
IF- hIms)
- r < 0 .05 eh" compared sum
bagel Inc. All values are mean .slues -- SD. Sages are as listed in Table I . M1 m„ = maximal Iransmival press-, gradient
in early diauu4 ; IF-11 = expira,Wn minus inspiration . 01hc ahbreviatmns as in Table 2,
ric relaxation time occurs almost immediately as pericardial
pressure increases and persists throughout all stages of
cardiac tamponade ; 2) the abnormal respiratory variation
occurs before equalization of diastolic intracardiac pressures
and before the onset of unequivocal right heart collapse
; 3)
the respiratory variation in early mitral flow velocity occurs
as a result of respiratory alterations in the transmitral
pressure gradient ; and 41 the magnitude of the respiratory
variation in left ventricularisovolumetric relaxation time and
peak mitral flow velocity in early diastole is not
predictive
of
pericardial pressure, maxima! respiratory change in systolic
aortic blood pressure or seventy of hemodynamic compro-
mise . especially at the more severe stages of cardiac tam-
ponade .
Relation of Doppler findings to hemodynamics . Increased
respiratory variation in early mitral flow velocity and left
ventricular isovolumetric relaxation time was seen early in
effusion, when pericardial and intracardiac pressures were
only mildly increased from baseline . This increase in respi-
ratory variation preceded the onset of unequivocal tight
heart collapse and, in general, became maximal at the time of
right &trial collapse . At more severe stages of tamponade,
Figure 4. Amplitude and direction of change from apnea in inspira-
lnry and aspirator values for peak early diastolic mitral flow
velocity (MI) at baseline and at each stage of cardiac tamponade.
'p < 0 .05 far dilTcran:e in expiration minus inspiration at that
stage compared with the same difference al baseline, Formal as in
Figure 2 .
I
o Eapiratlen = Insplrptlon
-0
.5!2
.0
-16.317 .8`
-18
.615 .6'
-211 1 7 .4'
-21?inn'
respiratory variation did not increase further and, in same
cases, decreased . These results suggest that even a small
increase in pericardial pressure alters the diastolic transmi-
tral pressure gradient and cardiac filling dynamics and that
Doppler methods appear to be a sensitive means to detect
these changes
. However, the magnitude of the respiratory
changes did not continue to increase after diastolic intracar-
diac pressures were equalized, and therefore could not be
used to predict absolute pericardial pr-rsure i, severity of
hemodynamic compromise. The importance of an increase
in pericardial pressure for generation of left ventricular
isovolumetric relaxation time and mitra) flow velocity vari-
ation was demonstrated in a clinical study (8),
where patients
with pericardia) effusion (presumably chronic) but no in-
crease in pericardia) pressure ha,, no increase in respiratory
variation of these variables .
The respiratory changes seen in early mitral flow velocity
during cardiac tamponade were always accompanied by,
and appear to be the result of, respralion-induced changes in
the early diastolic transmittal pressure gradient (Fig . 6) . That
is, the smallest pressure gradient and lowest early mitral flow
velocity occurred together on the first beat of inspiration,
with the largest gradient and highest velocity occurring on
the first beat of expiration . Second beats of inspiration and
expiration, when present, spewed intermediate values.
These results confirm previous clinical studies (9) in
which
fluid-filled catheters and pulmonary wedge pressure were
used to approximate left aerial pressure .
Changes in mdral firm, velocity and transmitral pressure
gradient at atria1 contraction with acute pericardial effusion
were much less uniform, and marked variation among dogs
was seen for any given protocol stage . Factors contributing
to this variation included differences in heart rate and PR
interval, which affect mitral flow velocity during and at the
start of atria) contraction by altering the duration of time in
early diastole available for "passive" filling . Other factors,
I
such as rate of left ventricular isovolumetric relaxation time
and myocardial compliance, probably also played a part .
This was particularly true with severe tamponade (stages 3
and 4), where atria) contraction occurred in some dogs
before mitral valve opening and resulted in a single, large
unimodal mitral flow velocity signal
. In these cases the
cure
M],,,,, Apnra
la- Her
MI,,,,,
Insp
Imni
HP)
ML,,, Exp
(mm lie)
A MI_
( L-1)miHg
A MI IE-11
(emlsl
A M2lE-11
(emit)
3.u z 1, 3 .1'_ 1 .6 0 .1!02 L9 Lo -0.9A6 .1
2 .4-1 .4 2 .021 .4
3 .111 .8 1 .1±0.2 I5]16.3' 8-9_73
2 .1-=0,9 1 .5±1 .1 3 .221 .5 1620
.8'
25 .7±127' 10?- R
.1
3 2 .7-1 .4 22_ . .a 1 .4218
1 .2 -
0
.6' 14.0 1 104'
183
- 155'
4 46x4 .1 3 .9 3 .0. 5 .224.1 L4---09'
14.0216.5' 19 .8! 17.7`
JACC Vat
. 17. No. I
January 1991:239-48
n
BASELINE
A
	
I
RV co-uHyE
lsrME n
A.
I E
respiratory variation in systolic aortic blood pressure often
decreased, perhaps reflecting the altered left ventricular
filling dynamics and loss of passive diastolic filling .
Palhnphysialogy . By directly measuring left atria) and left
ventricular pressures with high fidelity catheters, this snsdy
confirmed thin a changing relation between intrathorrcic and
intracardiac pressures during respiration is a key element in
the altered filling dynamics in cardiac tamponade 18,14,
16,17) . Normally, changes in left atrial and left ventricular
diastolic pressures with respiration are matched su that there
is little charge in the early diastolic transmitral pressure
gradient (Fig
. 1)
. With acute pericardial effusion and an
increase in pericardial pressure, left ventricular diastolic
pressure changed less with respiration than did left atrial
pressure, resulting in a transmitral pressure gradient that
was smaller on inspiration and larger on expiration . The
mechanism by which respiratory changes in left ventricular
pressure are blunted is unclear and was not investigated in
this study . However, respiratory changes in left atria) pres-
sure approximated
thaw
seen in pulmonary wedge pressure
and were larger than those seen in right atrial pressure . The
mechanism of this difference in phasic atrial hemodynamics
in cardiac tamponade is not known .
The reason for the poor correlation between the magni-
tude of respiratory variation in left ventricular isovolumetric
relaxation time and mural flow velocity and pericardial
pressure or degree of hemodynamic compromise, especially
with severe tamponade, is also unclear . Once diastolic
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Figure 5
. Peak mitral flow velocity in ealy diastole 1M1) in II dogs
during apnea iA)
.
inspiration (1) and espiration Ill I at baseline and at
progressive stages of cardiac tamponade . There is minimal variation
in MI with respiration at baseline, winch increases in all dogs with
early tamponade (stags ti and when right a trial (RAI collapse is
present stage 21 . The increased respiratory variation is also seen
with severe tamponade (stages 3 or
4)m
all six dogs in which it could
be measured . Format and abbreviations as in Fgum 3 .
intracardiac pressures have equalized, there may be little
further change in the basic mechanism of variation in the
transmitral gradient . Also . factors such as cardiac volume,
chamber compliance, left atria pressure and left ventricular
relaxation may be altered as tamponade becomes more
severe so that the degree of respiratory change becomes
limit, '
Whether this is so in patients with cardiac tampon-
ade requires further investigation .
Although not quantitatively studied . right atria) and right
ventricular collapse were seen to occur at times when
pericardial pressure exceeded the intracardiac pressures in
the chalcbers (9-11) . With equalization of diastolic intracar-
diac pressures, a decrease in pericardial and atrial pressures
occurred only during ventricular systole, suggesting that
atrial filling could occur only when blood was being ejected .
Comparison with other studies . Increased respiratory
variation in transvalvular hlood flow velocity has been
reported in clinical studies (8,12 .13} of pericardial effusion .
The timing of respiratory variation seen in this study is
identical to that seen in other studies . The magnitude of
J AC[ vol . R
. No . I
PERICARDIAL vypUotoN AND DOPPLER ECHAODIIXLRIhPIIY
	
lanuarv 1951-279-a9
24 6 GONZALEZ LT AL
A :	
8 : at-" I (b.1- RA .4w.]
D
01 .9. a (... .r
. ---t
percent change in early mitral flow velocity from the first
beat of expiration to the first heat of inspiration is also
similar to that reported in advanced cardiac tamponade in
patients (8) . However, the percent change in left ventricular
isovolumetric rela:.ation time wirh respiration in this study
was less than that reported in human subjects (8) .
Increased respiratory variation in systolic ejection limes
has been reported in patients with pericardial effusion but
without clinical evidence of cardiac tamponade
(18). Pericar-
dial pressure was probably at least slightly elevated in these
patients and led to the altered ejection dynamics . Although
studied in only a
few patients. pericardial effusion (presum-
ably chronic) with normal pericardial pressure does not
VIA- 6. Mitral flow velocity and I& ulna( (LA) and left ventric-
ular (LV) pressure in a dog at baseline and with progressively more
severe cardiac tamponade (stage 3 of protocol not shown in this
figure)
. In each of these panels the first beat is mitral flow velocity
recorded during apnea, the second is the first beat of inspiration and
the third beat is the first heat of expiration . Small vErlicall marinas
indicate maximal early diastolic tmnsmitral pressure gradient (MI
man). A, Pulsed wave mitral flow velocity together with the elec-
trocardiogram (ECO), respiration (reap), and left atrial ILA) and heft
ventricular (LV) pressure at baseline. There is minimal change in
peak early mitral flow velocity (MI) between the inspiratary (insp)
and expiratory (exp) beats . Maximal transnblral pressure gradient in
early diastole (MI mail decreases slightly on the first beat of
inspiration, while it is approximately equal during apnea (first beat)
and oo the first beat of aspiration (third heat) . B, With early ®rdiac
tamponade (stage II, a decrease in MI and Ml wax is seen with
inspiration compared with baseline, and a small increase is seen in
these variables on expiration . C, With
right a trial collapse (stage 2).
the direction and amplitude of the abnormal respiratory variation in
hl 1 and Ml max are approximately equal to those seen at stage 1 . D,
With severe mmpenode (stage 4), more nmrked respiratory changes
in MI and MI max arc apparent and peak mitral flow velocity is
significantly decreased . The apparent lack of a transmittal gradient
on the first beat or inspitatiun (gate") is probably due to a slight
drift in one or the catheter's aerv baseline or to a small change in
catheter position during 11m experimentr
result in abnormal respiratory variation in mitral flow veloc-
ity (8) . This finding suggests that it is the increase in
pericardial pressure that resu:ts in the altered filling and
election dynamics, and that measurement of either systolic
time intervals or transvalvular flow velocities is a sensitive
method of detecting the increase in pericardial pressure in
patients with effusion .
When a similar experimental model of acute pericardial
effusion was used in fully conscious annals (9-11), right
ventricular diastolic collapse was seen when mean pericardial
pressure was increased to 7 to 10 mina Hg . This collapse was
associated with a decrease in cardiac
output
of approximately
20% and a pulsus paradexus of 12 mm Hg but with no
JACC Val. 17, No. I
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significant change in mean aortic pressure . Although the pen-
candid pressure associated with right ventricular collapse was
similar to that in these previous studies, the mean pulsus
paradoxes was less (approximately 8,5 mm Hg: a d larger
decreases in cardiac output (approximately 50%) and mean
aortic pressure (approximately 20%) were observed at this
stage. These differences are likely the result of the experimen-
tal model used in this study, which required sedation because
of the extensive amount of instrumentation. Sedated animals
might be expected to have some blunting
of respiratory drive
and compensatory cardiac redexes so that
the
acute effusion
would be less well tolerated (and associated with less pulsus
par'eduxus) than that in fully conscious animals . The acute
nature of the effusion may also have even a factor
. because
intracardiac diastolic pressures rarely exceeded 15 mm Hg
even with severe tamponade . This finding suggests that com-
pensatory reflexes either were blunted or did not have time to
mobilize volume to the central circulation
. Different instrumen-
tation (high fidelity versus fluid-filled catheters) and different
methods of measuring cardiac output (thermodilution versus
electromagnetic flow meter) in the studies may also be contrib-
uting factors .
In the animal studiesjust cited (9-11) . smaller volumes of
pericardial fluid were required to cause right heart collapse
.
Larger volumes may have been required in the present study
because slightly larger animals were used, or the pericar-
dium may have been "stretched" by the hO ml of fluid left in
at surgery to prevent the formation of adhesions . In lightly
anesthetized dogs (19). the relation of pericardial volume to
pericardial pressure was similar to that found in this inves-
tigation
.
Study llmltations . .As previously discussed, sedation
likely reduced the depth of respiration and blunted cardio-
vascular reflexes so that the dogs had less pulsus paradoxes
and tolerated the pericardial effusion less well than if fully
conscious (10) . However . without sedation a detailed hemn-
dynamic analysis relating changes in transmittal gradient to
changes in mitra[ flow velocity and other intracardiac prcs-
sures would not have been possible . Furthermore- although
the magnitude of the changes was likely altered, the relation
among the variables studied should not have been affected.
A direct comparison of the sessitiriiv of right heart
collapse with Doppler changes for the diagnosis of cardiac
Iamponode was not attempted in this uludy . Cardiac lam-
ponade is a clinical spectrum, and the decision regarding
severity of hemodynamic compromise is usually made by
clinical, and not echocardiographic, criteria. In addition,
echocardiographic criteria used to define right atria] collapse
are difficult to determine . In this study we used criteria
designed to maximize specificity without compromising sen-
sitivity (5). However, abnormalities of right atrial wall mo-
tion (late diastolic flattening, "buckling" or transient inver-
sion) were present in many dogs at the time the earliest
Doppler abnormalities were noted . However, in most cases
these changes (especially the buckling) appeared to be due in
GGNoALEZ E7 AL.
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pan to the exaggerated superior displacement of the atrio-
vcntricular ring associated With ateiai hypercontractilily
.
This study was performed in an experimental model of
percardial effusion using normal dogs whose filling pres-
sures were standardized at the start
of the procedure . What
affect alterations in baseline filling pressures or underlying
cardiac pathologic conditions have on these findings is
unknown . Because all dogs had right heart collapse, our
study also does not provide information about the sensitivity
of these Doppler methods in situations in which echocardiu-
graphic findings are falsely negative
.
We did nui attempt rn control
the depth of respiration
during olds study
. Although an increased depth of respiration
due to the cardiac tamponade may have accounted for some
of the observed hemodynamic and Doppler changes, it is
unlikely that increased swings in intrathoracic pressure were
more than a minor factor because the Doppler changes were
absent at baseline mad them present at stage 1, when the
hemodynamic changes were small. In addition, respiratory
changes in mitral flow velocity due to large changes in
intrathoracic pressure have different timing characteristics
than do changes in cardiac tamponade 120)
.
Clinical implications
. This study shows t hat . a s previ-
ously suggested (8), respiratory changes in mitral flow ve-
locity and left ventricular relaxation time are a sensitive
indicator of an increase in pericardial pressure when associ-
ated with acute pericardial effusion . These findings, taken
together with the echocardiogtaphic findings of right heart
collapse- help to confirm that pericardial pressure is ele-
vated, and should be considered complementury . However.
it does not appear that the degree of respiratory change in
1hese Doppler flow velocity variables can
be related to the
absolute pericardial pressure or severity of hemodynamie
compromise . The sensitivity of these Iaoppler findings in
diagnosing cardiac tamponade when the echocardiogrnphic
findings are falsely negative or in the presence of altered
filing pressures or underlying cardiac pathologic conditions
requires further investigation .
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